User position information is an important factor for achieving efficient operation of global wireless networks. It reduces the signalling load generated as a normal consequence of service provision. The basic constellation parameters that should be optimised in the design of the satellite segment of third generation wireless telecommunication networks (i.e., S-UMTS) to provide fast and accurate user location using a positioning technique based on time delay, Doppler shift and Doppler-rate measurements are discussed and analysed. In particular, orbit altitude, angle between planes and satellite spacing that provide the highest possible accuracy are derived from the simulation results presented in this paper.
INTRODUCTION
Wireless positioning determination has received increased attention during the past few years. Several applications have been envisaged if mobile terminal (MT) location can be determined with sufficient accuracy at any time. Examples range from emergency services to network management and from fraud detection to location-sensitive billing. Third generation (3G) mobile communications systems will offer existing wireless services together with highspeed, high-quality multimedia services regardless of the physical location of customers. In order to achieve a truly global coverage a satellite-based interface will be a key component within such infrastructure. A minimum requirement for the deployment of a third generation wireless communications network is therefore the provision of full roaming and internetworking capabilities between terrestrial and satellite segments 1 . If this integration is to be done efficiently, network management procedures that minimise signalling overload while optimising communication resources need to be developed. Accurate knowledge of mobile terminal position has been identified as a key factor in achieving this goal since it can readily be applied to improve mobility management, system operation and handover decisions. The various S-PCNs that have been proposed or that are currently being deployed were designed to ensure a high signal to interference and noise link between MTs and gateways. When using such networks for positioning purposes, it is common that even though the received signal has an adequate level, the fix cannot be accurately estimated due to the relative location of the MT within the network. To obtain the right geometry, the intended coverage area must be defined carefully and the satellite constellation must be designed accordingly.
The remainder of this paper presents a brief discussion of the main characteristics of the positioning approach considered, followed by an analysis of the influence of the main satellite constellation parameters (i.e., orbit altitude, satellite visibility, angle between orbit planes and angle shift between satellites) on the positioning accuracy as a function of the Mobile Terminal (MT) location within the coverage area.
POSITIONING TECHNIQUE
The basic idea in position determination is that there should be enough information available at any place or time to provide a point of intersection between the lines of position (LoP) generated by the measurements. Due to the fact that the best accuracy is achieved when 2 lines of position intersect at right angles, it is common that even though the received signal has an adequate level, the fix cannot be accurately estimated.
Previously proposed radiolocation methods using one or two satellites are based on time delay and/or Doppler shift measurements together with the constraint of users on the Earth's surface. However, bias errors are introduced by the unknown MT height and by the inaccuracy of the Earth's model used by these techniques. In order to avoid such errors a positioning technique that combines Doppler−rate measurements with range and range-rate estimates derived from the signal transmitted between the MT and the moving satellites has been used in this paper. This can be readily done since the network knows at any time the satellites' position, velocity, and acceleration. The intersection of the surfaces defined by these three measurements provides the MT location. It should be emphasised that LEO and MEO constellations are very suitable for MT location determination using Doppler shift measurements due to the fast motion of satellites with respect to Earth (large Doppler shift).
In the network architecture approach considered, the network calculates the MT location through the twoway communication between the terrestrial gateway and the MT (via the satellite segment). Further signal processing is performed by the network (remote positioning). In this way, two of the main objectives of any S-PCN can be achieved: a relatively low service tariff and a low cost handheld terminal.
For the special case of LEO systems with single satellite visibility, a comparison between the performance of the two positioning techniques described above for variable MT height and for different elevation angles is presented in Figure 1 . The following assumptions were used for obtaining the results depicted in this figure: -Uplink Frequency: 2GHz.
-MT fixed under the satellite track.
-Accurate knowledge of satellite's position, velocity and acceleration -Error free measurements of time delay, Doppler shift and Doppler−rate. Due to the above conditions, the total positioning error is generated exclusively by the unknown MT height above the Earth's surface. The positioning error depicted in figure 1 −as well as in the rest of the figures presented in this paper− is calculated as the root mean square error, which is defined as the root of the sum of the squared error components along the x, y and z axis: In order to prevent the GDOP effects, low intersection angles between the LoPs must be avoided. This can be achieved if satellite diversity is considered 2 . Satellite diversity is obtained either by using satellites on the same plane or on different planes. The basic idea in the first approach is to collect measurements simultaneously from different satellites on the same plane and use their average to estimate the MT location. The improvement achieved will obviously be due to the fact that the positioning accuracy depends on the elevation angle. Hence, if different elevation angles are available, a high error in one of them can be somewhat compensated by the other ones. This implies that the higher the spacing between satellites the better results will be obtained in cases where single satellite positioning performance is poor. Nevertheless, the total error will still be very high under the satellites' track because the geometry problem (GDOP) caused by the low intersection of time delay, Doppler shift and Doppler−rate lines of position cannot be removed by co-planar satellites. In order to prevent the bad geometry situation that produces the high positioning error under or near the satellites' track, low intersection angles between the lines of position (LoPs) must be avoided. This can be achieved if satellites on different planes are considered. In such case, the inclination angle of one orbit with respect to the other (difference in inclination angles or angle between planes) introduces a rotation in the LoPs that tends to increase the intersection between them In order to simplify the positioning equations, and to obtain the highest accuracy, the six absolute measurements of range, range-rate, and rate of rangerate (three from each satellite) are combined into one set of linear equations in order to solve for the MT position. The method used for combining the 6 independent measurements is to take the difference between the squared ranges, the difference between the Doppler shifts and the difference between the Doppler−rates from each satellite. The resulting relations between measurements and MT position (x, y, z) can be expressed by: 
ANGLE BETWEEN PLANES
As discussed in the previous section, using two satellites on different planes can avoid the loss of precision under or near the satellites' track due to geometry effects. This section presents the results obtained when different angles between planes are considered. Figure 4 shows the normalized positioning error versus the angle between planes for different elevation angles from satellite 2 (taken as reference), and for a fixed spacing between satellites of 15°. The elevation angles from satellite 2 depicted in that figure correspond to a variation in the elevation angle from satellite 1 between 15 (minimum elevation angle for satellite visibility) and 90°. It was also assumed that the MT was located under satellites' 1 track. Normalized positioning errors are depicted in order to guarantee the independence of the results from the magnitude of the measurement errors, the number of samples, and the orbit's height. Figure 4 shows that for a fixed angle shift between satellites, the positioning accuracy improves as the angle between planes is reduced from 90° to 5°. However, when this angle is reduced below 5°, the positioning error increases dramatically and becomes infinite when the angle between orbit planes reaches 0°. This happens as the two satellites coincide in the same plane, and thus, no MT location can be estimated using the positioning equations described in the previous section. The effect of decreasing the separation between planes (from 90 to 5°) is to increase the intersection angle between the lines of position derived from time delay, Doppler shift, and Doppler-rate measurements, and consequently, the intersection point (MT position) can be defined more precisely. Thus, angles between planes in the range between 5 and 45 degrees are recommended for obtaining low positioning errors in dual satellite scenarios using the positioning technique described in the previous section.
ANGLE SHIFT BETWEEN SATELLITES
The relative position of the two satellites with respect to the MT can be further modified by the angle shift (or spacing) between satellites. The angle shift between satellites is defined in this paper as the angle travelled by one satellite in its plane −measured from the line of nodes− until the satellite in the other plane passes through this same reference line (figure 3).
Due to the fast variation of the elevation angles from the second satellite (as a consequence of the satellites' motion together with angle shift variation) a different approach was considered for obtaining the simulation results presented in this section. In this case, the relative motion between the mobile terminal and satellite was modelled by allowing the MT to move from its initial position while the satellites remained fixed during the estimation of the positioning error. In this way more values of elevation angles were analysed and the condition of simultaneous visibility from both satellites was met.
The results obtained assuming an MT under the 1 st satellite's track, and a fixed angle between planes of 20° are presented in figure 5 . Normalized positioning error versus angle shift between satellites for different elevation angles from the reference satellite (satellite 1 in this case) are depicted in this figure. Figure 5 shows that very low spacing between satellites (less than 5°) produce high positioning errors. High accuracy can be achieved for spacing between satellites greater than 5°. However, and in order to guarantee simultaneous satellite visibility, high angle shifts between satellites are not recommended. Thus, satellite spacings between 5 and 20 degrees should be considered for obtaining low positioning errors in dual satellite scenarios using the positioning technique proposed in this paper. 
ORBIT ALTITUDE
Due to the fact that fast moving satellites produce higher values of Doppler shift measurements, the positioning accuracy of location techniques based on this parameter is higher when the distance between the MT and the satellites is lower 2 . This implies that Low Earth Orbit (LEO) constellations are suitable for positioning applications when Doppler shift measurements are involved. In order to verify this conclusion, the normalized positioning error vs. the orbit height (between 600 and 15000 kms) is depicted in figure 6 for the case of dual satellite visibility using the location technique described in this paper. Even though an angle shift between satellites of 10° and an angle between planes of 20° have been used, simulation results using different combinations of these angles show a similar behaviour to that depicted in figure 6 . It is also assumed that the MT is situated under one of the satellites' track. Normalized positioning errors are depicted in order to guarantee the independence of the results from the magnitude of the measurement errors and the number of samples. 
PERFORMANCE FOR S-UMTS
In order to evaluate the accuracy of the positioning technique proposed in this paper for the case of a S-UMTS scenario, time delay, Doppler shift and Doppler−rate measurement errors need to be calculated.
The expression for the standard deviation of the time delay estimate for a signal of bandwidth B s processed by a receiver which produces a signal-to-noise ratio (SNR) out is given by 4 :
The SNR of spread spectrum signals is a function of the bandwidth under consideration, and thus of the point in the receiver where it is measured. Therefore, it is convenient to normalize the SNR to a 1 Hz bandwidth in order to obtain an expression that is bandwidth independent. This is known as the carrierto-noise density ratio (C/N o ). In a CDMA system, the processing gain is also known as the spreading factor, which can be estimated as the chip rate (R c ) over the information rate (R b ). With these considerations, equation 5 can be expressed as:
Contrary to time delay estimation, the accuracy of frequency detection increases as the signal bandwidth is reduced. This obviously implies that a pure tone is the ideal signal for frequency estimation. In a CDMA system low error frequency measurements can be derived from the RF carrier tracking circuits once the information and spreading code have been removed. The accuracy in frequency estimation using a pure tone is given by 4 :
where B L is the bandwidth of the carrier tracking loop and t is the loop update time (or predetection integration interval).
A simple way of measuring Doppler−rate is by using two Doppler shift measurements spaced τ seconds apart. The change of Doppler shift during τ is the equivalent of Doppler rate. In this way the standard deviation is given by: In addition to the deterioration of the estimation accuracy caused by the measurement noise, the channel introduces further degradation of the achieved precision by reducing the received SNR. Taking into accont that the aim of this section is to evaluate the performance of the proposed positioning technique for a S-UMTS scenario, satellite visibility is assumed during the measurement of time delay, Doppler shift and Doppler−rate (the impact of different channel conditions on the positioning accuracy is out of the scope of this paper). Therefore, the fading effects are simulated as a multiplicative complex time-variant process under line-of-sight (LOS) conditions. This implies that the received signal is modelled as a random multipath component plus LOS component, generating a Rician distribution 7 .
To account for the interference generated by other users, additional 3 dBs in the Gaussian distributed noise has been considered 8 . This interference is assumed to be constant during the measurement interval.
Due to the fact that in a practical system several samples of the measured RF signal parameters are available, the precision of the positioning technique can be improved even further by combining such samples with some sort of stochastic filtering process. A recursive low pass filter, which combines the MT locations obtained with measurements of time delay, Doppler shift and Doppler−rate taken at every sampling instant has been used to obtain the results presented in this section 9 .
Position estimates for different number of samples were obtained while placing the MT randomly at different locations within the coverage of both satellites. The positioning error was calculated using equation 1 together with the known original MT position. To average out the difference in performance at different locations within the coverage area, 1000 random MT positions were used for every considered value of 'number of samples'. In this case, the optimum constellation parameters that produce the highest accuracy for this positioning technique have been assumed 2 (i.e., LEO orbits, angle between planes = 60°, angle between satellites = 5°).
As expected, figure 7 shows that a higher accuracy is achieved by the proposed technique when the MT height is unknown (the difference in performance increases as the MT height is increased). The effect of the unknown height is to introduce a constant bias in the positioning error. The magnitude of this bias increases with the terminal's height above the Earth's surface. Clearly, in terms of accuracy performance, the main advantage of the proposed positioning scheme is its independence from this source of bias error. Figure 7 also shows that the proposed technique reaches a stable solution with less number of samples. The result is an effective reduction of the time required to locate the mobile, an important consideration when time is a critical issue. On the other hand, the second scheme becomes unstable as the point of intersection (MT position) between the surfaces generated by the measurements and the Earth's surface is difficult to define.
CONCLUSIONS
The accuracy of a mobile terminal positioning technique based on time delay, Doppler shift and Doppler−rate measurements has been analysed under the main satellite constellation parameters. It has been shown that a careful selection of the orbit height, satellite visibility, angle between planes and angle shift between satellites can improve drastically the accuracy obtained for positioning purposes.
A comparison between two different positioning techniques in terms of location accuracy for an unknown MT height above the Earth's surface has also been presented. The main issues discussed in this paper are summarised below.
Dual satellite visibility should be guaranteed over the intended coverage area if reasonable accuracy is to be achieved. For positioning purposes, this parameter has the greatest impact over the accuracy obtained since an additional satellite generally resolves the ambiguity problem and adds the surface of position that improves drastically the GDOP effect.
Medium angles between planes (in the range between 5 and 45 degrees) are recommended for obtaining low positioning errors in dual satellite scenarios and using the positioning technique described in this paper. The effect of using orbit planes within this range is to improve the geometric characteristics of the lines of position needed to obtain a location estimate.
Very low angle shifts between satellites (less than 5°) produce high positioning errors. High accuracy can be achieved for satellite spacings higher than 5°. However, and in order to guarantee simultaneous satellite visibility from both satellites (specially in LEO constellations), high angle shifts between satellites should be avoided. Thus, satellite spacing between 5 and 20 degrees should be considered for obtaining low positioning errors in dual satellite scenarios using the positioning technique proposed in this paper.
Orbit altitude should be as low as possible if Doppler shift measurements are involved in the positioning technique.
LEO orbits are therefore highly recommended as suitable constellations for mobile satellite communication networks that provide MT position information, such as the satellite component of S-UMTS.
It has also been shown that when considering the influence of the MT height above the Earth's surface, and if the previous recommendations are adopted, the proposed technique (based on time delay, Doppler shift, and Doppler−rate measurements) outperforms the method relying on the Earth's model both in positioning accuracy and time to achieve a stable (and thus reliable) solution. Obviously, the difference in performance between both methods becomes higher as the MT's height increases..
